Based on the secondary structural model of MS2 RNA, it is shown that, in base-pairing regions of the RNA, there is a bias in the use of synonymous codons which favours C and/or G over U and/or A in the third codon positions, and that in non-pairing regions, there is an opposite bias which favours rj and/or A over C and/or G. This nature is interpreted as a result of selective constraint which stabilises the secondary structure of the single-stranded RNA genome of the MS2 phage.
INTRODUCTION
Recent accumulation of nucleotide sequence data for complete genomes (1- has compared the patterns of synonymous codon usage in four species of organisms, and has noted that for many amino acids the choice among synony-., mous codons is not common to all species and appears to be random, but for -* other codons specifying the amino acids such as arginine, isoleucine and "* glycine, distinct biases do exist in codon usage, which can be explained I in terms of tRNA availability. In a statistical analysis of four mRNAs, Jukes gene of E.coli, Fiers and Grosjean (13) claimed that the difference of seleci tive pattern of codon usage between the two systems should be related to a \ difference in translational rate with a proper amount of codon-anticodon interaction energy.
None of the above mentioned explanations has yet been verified by exper--< iment. We think that the pattern of degenerate codon usage should be deter-, mined by many factors. We propose here another explanation that, in MS2 phage genome, the observed biases in codon assignment correlate well with the stability of the secondary structure of the RNA, a possibility suggested ~"
by Fitch (14) using a different method of analysis.
THE ANALYSIS OF MS2 RNA In order to investigate a correlation between the bias in codon usage * and the secondary structure of MS2 RNA, each nucleotide site of the RNA is *• assigned to pairing site or non-pairing site on the basis of the secondary r structure proposed by Fj.ers e± al.. Table 1 shows the observed frequencies ' PS NPS n Q and n of the nucleotide in the third position of codon a, the nucleotide being in pairing sites and in non-pairing sites, respectively, of HS2 coding regions. In most of the synonymous codon groups, significant excess of C and/or G over U and/or A is seen in pairing sites, which is in striking v contrast to the trend in non-pairing sites. Table 2 shows the distribution , In order to show the above mentioned trend more clearly for individual groups of synonymous codons, it will be more appropriate to introduce an index representing a frequency of actual use relative to the frequency expected from random use of synonymous codons. We define an index "degree of PS NPS preferable codon usage" p (p ) for a codon a whose third position is in a a a pairing site (non-pairing site) as follows:
PS where n is the observed frequency of the nucleotide in the third position a of codon a in pairing sites (see Table 1 ), and sum runs over all the synonymous codons of the group specifying amino acid A with the degree of degenera-NPS NPS PS cy d. For P in non-pairing sites, it is needed to substitute n for n a a a in the above equation. Host degenerate codons differ from each other only in the third position of codons except six-fold degenerate codon groups, which we tentatively divide into two-fold and four-fold degenerate codon groups for simplicity; i.e., Leu 2 (UUR) and Leu 4 <CUX) for leucine, Arg (AGR) and Arg 4 <CGX ) for arginine, and Ser_(AGY) and Ser (UCX) for serine, where X indicates any one of the four nucleotides, and Y and R indicate pyrimidine and purine, respectively. According to this classification, selective biases in the use of synonymous codons can be analysed in terms of composition of nucleotides in NPS PS the third position of codons. Fig. 1 shows a plot of P versus P for all the codons except nondegenerate ones. Most points,except Ile(AUU), Pro(CCC), NPS PS Val(GUA), Val(GUG) and Arg(CGA), are in the region P > P for codons NPS PS ending in U or A, and P < p for C or G. Moreover, there is an apparent tendency that the majority of the codons ending in C or G are plotted in the PS NPS Pr egion of P > 1, P < 1, and the codons ending in U or A are in p < 1, NPS PS P > l.The average values of P for U, C, A and G are 0.829, 1.308, 0.695 and 1.160, respectively, which are quite a contrast to that the average NPS values of P for U, C, A and G are 1.365, 0.853, 1.255 and 0.457, respectively. That is, there is a selective code word usage that prefers C and/or G to U and/or A in the third codon positions for pairing sites, and vice versa for non-pairing 3ites. This nature implies that there exists a distinct bias for synonymous codon usage which stabilises the secondary structure of MS2 RNA, because G-C pairing is thermodynamically more stable than A-U pairing. assures that selection has acted to favour the substitutions that would be compatible with the retention of the secondary structure. This implies that Nucleic Acids Research this structure is not a temporal one, but that, during the evolution of the phage, selection has operated to conserve the existing structure. Two alternative explanations of the origin of the bias are possible; i.e., one is that the present day secondary structure of MS2 RNA was the best among other alternative structures and the evolution has proceeded so as to stabilise this structure through biasing the codon usage, and the other is that the bias of the codon usage existed at first for some different unknown reasons, the secondary structure was then formed according to the bias so as to make more G-C pairings in the given sequence, and the resulting secondary structure survived during evolution. We think that the former interpretation is more plausible, but the latter possibility cannot be extruded. We have no clue now to settle the issue. We can only say that the bias in codon usage in MS2 genome is closely related to the stability of the secondary structure of the RNA.
The argument mentioned in this paper might be peculiar to singlestranded RNA phages such as MS2, R17 and f2, in which mRNA itself carries genetic information and, therefore, the single-stranded RNA should have a stable spatial structure. However, it is likely to be applicable also to many other mRNAs such as globin (17, 18) and histone H4 (19) Rogiers, R., Van de Voorde, A., Volckaert, G. and Ysebaert, M.
